Introduction
============

Bladder cancer (BCa) is one of the most common malignant genitourinary tumors, with high morbidity and mortality rates [@B1]. At initial diagnosis, approximately 75% of patients have non-muscle invasive bladder cancer (NMIBC) associated with a favorable prognosis. However, about 25% patients present with muscle-invasive or metastatic disease associated with a relatively poor prognosis [@B2]. Early diagnosis with individualized treatment and follow-up is critical to a successful clinical outcome [@B3]. Despite great efforts in diagnosis and treatment methods, patients with bladder cancer suffer from high recurrence rates and poor clinical outcomes for advanced disease [@B4]. Therefore, it is of great significance to identify specific molecular biomarkers for early diagnosis and clinical therapeutics in bladder cancer patients.

The glucocorticoid-inducible kinase (SGK) family has three isoforms: SGK1, SGK2 and SGK3. SGK2 and SGK3 share 80% homology with SGK1 in their kinase domains, which can be activated by 3\'-phosphoinositide-dependent kinase-1 (PDK1), placing them under the regulation of the phosphoinositide 3\'-kinase (PI3K) signaling pathway [@B5]. Previous studies reported that SGK1 and SGK3 played vital roles during the progression of various cancers [@B6], [@B7]. However, very few studies investigated the function of SGK2 in cancer and its role in bladder carcinoma remains unclear. Similar to SGK1 and SGK3, SGK2 also can activate certain sodium and potassium channels, indicating it may be involved in the physiological and pathological processes regulation [@B8]. Thus, in the present study, we investigated the role of SGK2 in bladder cancer and its potential mechanisms by *in vitro* study and TCGA clinical analysis.

Materials and Methods
=====================

Cell culture and reagents
-------------------------

Human bladder cancer cell lines T24, 5637, J82 and UMUC3 as well as normal epithelial cell line SVHUC were purchased from the Shanghai Institute of Cell Biology, Chinese Academy of Sciences. All cells were cultured with Dulbecco\'s Modified Eagle\'s Medium (DMEM; Gibco Company, Grand Island, NY, USA) with 10% fetal bovine serum (FBS; Gibco Company) and 1 % penicillin/streptomycin (Invitrogen) and at 37°C with 5% CO~2~. MG132 and CHX (cycloheximide) were obtained from Sigma-Aldrich (MO, USA).

Lentivirus packaging and plasmid transfection
---------------------------------------------

The target plasmids include as follows: sh-vector, shSGK2, oe-vector, oeSGK2. The above plasmids with the packaging plasmid psAX2 and envelope plasmid pMD2G, were transfected into 293T cells by calcium chloride transfection method, respectively. The shSGK2 sequences were as follows: Sense: GCACCTGAAGTGCTTCGGAAA, anti-sense: TTTCCGAAGCACTTCAGGTGCT. After 48h later, the virus supernatant was directly added to cells in 6-well plate (or immediately frozen in -80 ℃ freezer for future use) maintaining for 24h, and after 48h culture, we collected the cell protein to test infection efficiency.

Western blot analysis
---------------------

Proteins were isolated from these transfected cells. Concentration was quantified by Bradford assay. Using SDS-PAGE protein electrophoresis, the PVDF membranes were blocked with 5% skim milk and incubated overnight at 4°C with primary antibodies GAPDH (1:1000, sc-47724, Santa Cruz Biotechnology, CA, USA), SGK2 (1:500, sc-100355, Santa Cruz Biotechnology, CA, USA), c-Myc (1:500, sc-40, Santa Cruz Biotechnology, CA, USA), β-catenin (1:500, sc-7963, Santa Cruz Biotechnology, CA, USA) and washed 3 times with TBST. Then, membranes were incubated with goat anti- mouse IgG secondary antibodies (1:5000; Santa Cruz Biotechnology, CA, USA) and re-washed TBST 3 times. The ECL system (Thermo Fisher Scientific) was applied for western blot band detection.

MTT assay
---------

Cells at 60%-80% confluence were plated at a concentration of 5 × 10^3^ cells/well in 24-well plates and incubated for 24 h before treatment. At day 0, 2, 3, 4, MTT (0.5mg/ml) was added to each well. After 2 h further incubation, removed the medium and added DMSO 500ul into each well. Gently shaking in room temperature for 5 minutes and transferred 100ul/each into 96-well plate. Then, we measured the 570 nm optical density (OD570) for each well (ELX-800, Bio-Tek).

Colony formation assay
----------------------

The cell suspension with 500 cells/group were placed into a 6cm plate. Cells were cultured with 3 ml media at 37°C incubator. After 2 weeks of cultivation cells were gently washed with PBS, fixed with formalin and stained with 0.1% crystal violet, the cloning efficiency was determined.

Wound healing assay
-------------------

Cells from each group were seeded in 6-well plates at around 90% confluence. Subsequently, we utilized a 200ul pipette tip to create symmetrical wounds. After washing with PBS twice, cells were incubated with non-serum DMEM medium for 24 h. Migration pictures were taken at 0h and 24 h after drawing the wound. The wound distance of 6 random fields per well at 40× magnification was measured by Image J software. Each experiment was performed in triplicate.

Transwell assay
---------------

Migration and invasion assays were conducted using 8-μm transwell chambers (Corning Company, NY, USA). For invasion assay, we firstly added 100 ul Matrigel mixed with non-serum medium to the upper chambers (Matrigel, 1:20; BD Biosciences), and incubated in the 37°C for 4 h. Then, 5 × 10^4^ cells suspension in 150ul non-serum medium were seeded into the upper chambers. 800 ul of 10% FBS medium was added into the lower chambers. For migration assay, 2 × 10^4^ cells were seeded into the upper chambers. At 24 h later, transwells were gently washed with PBS, fixed with formalin, removed upper chamber cells with swabs and stained with 0.1% crystal violet. Invaded cells were counted in 3 random fields per well under a 100x microscope. Each experiment was performed in triplicate.

Immunoprecipitation (IP) assay
------------------------------

IP was performed according to the protocol. Briefly, after cold PBS washing, the UMUC3 cells (3\*15 cm plate dishes) were scraped into lysis buffer containing protease inhibitors for 30 min on ice. After ultrasound, sample lysis was centrifuged at 14,000×g for 20 min at 4 °C. The supernatants were incubated with normal IgG or anti-SGK2 antibody and protein A/G-beads. The precipitated complexes were washed with lysis buffer and boiled for 5 min in SDS sample buffer. β-catenin antibody were used for western blot analysis.

Molecular function of SGK2 in bladder cancer based on TCGA database
-------------------------------------------------------------------

The expression profiles of bladder cancer were generated from The Cancer Genome Atlas (TCGA) database \[<https://xenabrowser.net/datapages/?cohort=TCGA%20Bladder%20Cancer%20>(PRAD)\], containing 426 tumor samples and 19 normal controls. Using R package version 2.10.0 software, we extracted 1000 genes that positive or negative related to SGK2 at gene expression level, respectively. In addition, gene enrichment and protein interaction tests were conducted based on FunRich V3 software.

Statistical analysis
--------------------

The SPSS 19.0 (Chicago, IL, USA) and GraphPad 6.0 software were used to data analysis. Results were expressed as the means ± standard deviation (SD). The*t*-test and one-way analysis of variance (ANOVA) were performed. *P* \< 0.05 was considered to have statistical significance.

Results
=======

Gene expression and cell line selection
---------------------------------------

To investigate the role of SGK2 in bladder cancer, we retrieved TCGA database to verify its mRNA expression differences between tumor and para-tumor tissues, and identified that SGK2 expression in tumor group was not significantly increased compared with para-tumor group (*P* \> 0.05) (**Figure [1](#F1){ref-type="fig"}A**). In addition, we also checked the Oncomine database, to further verify the association between SGK2 copy number variations (CNVs) and tumor status, and identified that CNVs was positively related to high pathological and clinical stages, as well as the recurrence status (**Figure [S1](#SM0){ref-type="supplementary-material"}**).

As SGK2 belongs to protein kinases family, we predicted it may play an important role during bladder cancer progression mainly at protein level. Therefore, we tested the expression levels of SGK2 in several commonly used bladder cancer cell lines (T24, 5637, J82, UMUC3) compared with normal urothelial cell line SVHUC. We identified that SGK2 was significantly increased in UMUC3 and J82 cell lines compared with SVHUC (**Figure [1](#F1){ref-type="fig"}B**). Therefore, we adopted these two cell lines for following knocking down SGK2 function assays (**Figure [1](#F1){ref-type="fig"}C**). And gain-of-function cell models were established in T24 cell line (**Figure [1](#F1){ref-type="fig"}D**).

SGK2 promotes bladder cancer cell growth and colony formation (CF) abilities*in vitro*
--------------------------------------------------------------------------------------

To gain insight into the function of SGK2 in bladder cancer progression, we applied MTT assays to test cell viability after silencing SGK2 expression in UMUC3 and J82 cell lines, and results revealed a significantly decreased cell growth (**Figure [2](#F2){ref-type="fig"}A**). Inversely, cell growth was significantly increased after overexpressing SGK2 in T24 cell line compared with vector control group (**Figure [2](#F2){ref-type="fig"}B**). Further, CF assay was utilized to determine the SGK2\'s function for CF abilities. Results showed shSGK2 in UMUC3 and J82 cells significantly reduced CF ability (**Figure [2](#F2){ref-type="fig"}C**) and oeSGK2 in T24 increased CF ability **(Figure [2](#F2){ref-type="fig"}D).**

SGK2 promotes bladder cancer cells migration and invasion abilities *in vitro*
------------------------------------------------------------------------------

To investigate the effects of SGK2 expression on migration and invasion of bladder cancer cells, wound healing and transwell assay were applied. The results showed that knocking down SGK2 expression in J82 and UMUC3 cell lines significantly decreased cell migration and invasion abilities. Inversely, these abilities were significantly increased after SGK2 overexpression in T24 cell line (**Figure [3](#F3){ref-type="fig"}A-[3](#F3){ref-type="fig"}C**).

Molecular interaction and functional analysis of SGK2
-----------------------------------------------------

To predict the molecular interaction and function of SGK2 in bladder cancer, a gene co-expression network was constructed according to Pearson-correlation coefficients based on TCGA database. Next, the top 1000 SGK2-positive/negative related genes were classified according to GO term using FunRich software V3. Molecular function analysis indicated positive related genes of SGK2 were mainly enriched in receptor activity, ATP binding, DNA repair protein, trans-membrane receptor activity and lipid binding (**Figure [4](#F4){ref-type="fig"}A**), and negative genes were mainly enriched in ATPase activity, metallopeptidase activity, galactosyltransferase activity, GTPase activator activity and deaminase activity (**Figure [S2](#SM0){ref-type="supplementary-material"}A**). In addition, for biological process analysis, we found that SGK2-positive related genes were enriched in immune response, regulation of immune response, protein folding, signal complex formation and regulation of gene expression epigenetic (**Figure [4](#F4){ref-type="fig"}B**), and SGK2-negative related genes were mainly involved in energy, metabolism, ion transport, amino acid and derivative metabolism and fatty acid metabolism (**Figure [S2](#SM0){ref-type="supplementary-material"}B**). Moreover, biological pathway analysis was also conducted, and details were presented in **Figure [4](#F4){ref-type="fig"}C** and **Figure [S2](#SM0){ref-type="supplementary-material"}C**, for both positive and negative SGK2 related genes, respectively.

To further evaluate the interactive relationships among genes that are positive or negative related to SGK2, we mapped these genes to protein network through FunRich software and identified that c-Myc was the key enriched interactive protein in SGK2-positive gene network (**Figure [S3](#SM0){ref-type="supplementary-material"}**), while GRB2 was in SGK2-negative gene network (**Figure [S2](#SM0){ref-type="supplementary-material"}D**). When retrieved references [@B9]-[@B10], we identified that c-Myc belonged to β-catenin/c-Myc pathway, and plays a more critical role during tumorigenesis rather than GRB2.

SGK2 regulates the protein expression of β-catenin/c-Myc pathway
----------------------------------------------------------------

Based on molecular function results, we further using WB assay to test whether β-catenin/c-Myc pathway involved in bladder cancer progression by acting as the downstream targets of SGK2. The result showed the protein levels of β-catenin and c-Myc were significantly decreased after down-regulating SGK2 expression in UMUC3 and J82 cells (**Figure [5](#F5){ref-type="fig"}A**). On the contrary, the protein levels of these genes were significantly increased after overexpressing SGK2 in T24 cell line (**Figure [5](#F5){ref-type="fig"}B**).

To further dissect the mechanism that how SGK2 affect c-Myc and β-catenin, we first searched some publications which showed β-catenin (encoded by CTNNB1 gene) was an upstream of c-Myc [@B9]. Thus, we mainly focused on the regulation between SGK2 and β-catenin. As previously studies found, the kinase could regulate the expression of downstream genes by directly phosphorylation or bind with them, influencing their protein stability [@B10]. Here, we applied the immunoprecipitation (IP) assay and our result indicated SGK2 could directly interact with β-catenin at protein level **(Figure [5](#F5){ref-type="fig"}C)**. To further investigate whether SGK2 could affect the β-catenin protein stability, 10 µM MG132 (a proteasomal inhibitor) assay was applied, and he result revealed that MG132 abrogated shSGK2 induced inhibition of β-catenin protein expression in UMUC3 cell **(Figure [5](#F5){ref-type="fig"}D)**. To further confirm that SGK2 affect β-catenin protein synthesis, T24-vector and T24-oeSGK2 cells were pretreated with CHX (10 µg/mL) for 0h, 3h, 6h. The result showed a time-dependent decrease in β-catenin protein expression in these two cell lines exposed to CHX. However, the decrease speed was marked slower in T24-oeSGK2 than T24-vector group **(Figure [5](#F5){ref-type="fig"}E)**. These results support the hypothesis that the SGK2 could directly bind with β-catenin to regulate its expression through stabilizing its protein, and thus regulate the downstream gene c-Myc to influence bladder cancer.

In addition, we also retrieve from TCGA database to verify the relationship between expression of these genes and overall survival (OS), recurrence-free survival (RFS), tumor stage of bladder cancer patients. And we identified that c-Myc expression was significantly associated with OS, RFS and tumor stage of bladder cancer (**Figure [5](#F5){ref-type="fig"}F & [5](#F5){ref-type="fig"}G**). Also, the CTNNB1 gene, which encoded β-catenin protein, was significantly associated with tumor stage of bladder cancer (**Figure [5](#F5){ref-type="fig"}F**). Taken together, results suggested that SGK2 could modulate β-catenin/ c-Myc pathway to influence bladder cancer aggressive phenotypes, and these downstream genes could be served as therapeutic targets or prognostic markers for bladder cancer patients.

Discussion
==========

Bladder cancer is one of the most common malignancy among urinary system tumors, with an estimated 429,800 new incidence and 165,100 mortality occurred in 2012 worldwide [@B11]. It is easy to recurrence and progression, which needs lifetime monitoring after diagnosis, bringing great burden to the society [@B12]. However, there is no specific and efficient targeted therapy till now. Therefore, finding potential biomarkers and identifying its underlying mechanisms may aid us to discover novel therapeutics to better fight against bladder cancer.

Previous studies indicated SGK family was highly homologous with the AKT kinase family, which shared similar upstream activators and downstream targets [@B13]. Hoang B *et al* found the SGK kinase activity in multiple myeloma cells could protect against endoplasmic reticulum (ER) stress apoptosis via SEK/JNK signaling [@B14]. Results from Shanmugam I *et al* suggested SGK1 is an androgen-regulated gene which played a vital role in AR-dependent survival and gene expression [@B15]. Yao Y*et al* proved lnc-SGK1 promoted Th2 and Th17 differentiation in human gastric cancer by SGK1/Jun B signaling [@B16]. Towhid ST *et al* discovered the small molecule EMD638683, which was a SGK1 inhibitor, promoted radiation-induced suicidal death of colon tumor cells [@B17]. Gasser JA *et al* uncovered SGK3 was amplified in breast cancer and activated PIK3CA downstream in a dependent manner of the phosphoinositide phosphatase INPP4B [@B18]. Liu H *et al* verified miR-212-3p could directly target SGK3 and inhibit glioblastoma cell proliferation [@B19]. However, very few studies investigated the role and potential mechanisms of SGK2 in cancer.

Here, our *in vitro* study demonstrated that silencing SGK2 in bladder cancer significantly decreased cell proliferation, migration and invasion. Inversely, when overexpressing SGK2, cell proliferation, migration and invasion were significantly increased. In addition, we analyzed the TCGA database to verify these genes which are positive or negative related to SGK2. FunRich software was also used to predict the interaction within these positive and negative genes, and identified that c-Myc was enriched in positive genes connecting with others. Since there was a publication suggested that SGK2 can interact with β-catenin pathway to promote hepatocellular carcinoma progression [@B20]. Therefore, we detected c-Myc and β-catenin expression, and identified these proteins are significantly increased or decreased after overexpressing or knocking down SGK2, respectively. In addition, results from IP assay as well as protein stability assays using MG132 and CHX indicated SGK2 could interact with and stabilize β-catenin protein. And according to references that c-Myc could be regulated by β-catenin, which was the key factor of β-catenin pathway. Thus, we predicted that SGK2 could regulate bladder cancer progression via β-catenin/c-Myc pathway.

Many studies reported c-Myc and β-catenin were oncogenes for tumor initiation and progression [@B21]-[@B25]. In our current study, we also checked the relationship between these genes and tumor stage as well as prognosis of bladder cancer based on the TCGA database. We identified that c-Myc expression was significantly associated with OS, RFS and tumor stage of bladder cancer. Also, the CTNNB1 gene, which encode β-catenin protein, was significantly associated with tumor stage of bladder cancer. These results suggested their potential roles as prognostic markers for bladder cancer patients.

Conclusion
==========

To sum up, we identify SGK2 protein expression is elevated in bladder cancer cells lines. And SGK2 promotes bladder cancer cell proliferation, migration, invasion as well as colony formation abilities presumably via modulating β-catenin/c-Myc expression. Thus, SGK2 serves as an oncogene in the progression of bladder cancer and may be a potential therapeutic target for the treatment of bladder cancer patients.
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![**SGK2 expression in bladder cancer patients and cell lines. (A).** The SGK2 mRNA expression between bladder tumor vs. para-tumor tissues. Patients\' data was retrieved from TCGA database. **(B).** Western blot (WB) showed SGK2 protein expression in several bladder cancer cell lines (T24, 5637, J82, UMUC3) compared with normal epithelial cell line SVHUC. **(C).** WB showed the SGK2 knocking down efficacy in UMUC3 and J82 cell lines. **(D).** WB showed the SGK2 overexpression efficacy in T24 cell line.](jcav09p4774g001){#F1}

![**SGK2 promotes bladder cancer cell growth and colony formation (CF) abilities *in vitro*. (A).** MTT assays indicated cell growth was inhibited after knocking down SGK2 in UMUC3 and J82 cell lines (*P* \< 0.05). **(B).** Cell growth was significantly increased after overexpressing SGK2 in T24 cell line using MTT assay (*P* \< 0.05). **(C).** The colony formation (CF) assay indicated knocking down SGK2 significantly decreased CF ability in UMUC3 (*P* \< 0.01) and J82 cells (*P* \< 0.05). **(D).** CF ability was significantly increased after overexpressing SGK2 in T24 cell line (*P* \< 0.05). Data are representative of three independent experiments. \* indicated *P* \< 0.05. \*\* indicated *P* \< 0.01.](jcav09p4774g002){#F2}

![**SGK2 promotes bladder cancer cells migration and invasion abilities*in vitro*. (A).** Wound healing assays indicated cell migration was inhibited after knocking down SGK2 in UMUC3 and J82 cell lines (*P* \< 0.05). Inversely, cell migration was significantly increased after overexpressing SGK2 in T24 cell line (*P* \< 0.01). **(B).** Transwell assays indicated cell migration was inhibited after knocking down SGK2 in UMUC3 and J82 cell lines (*P* \< 0.01). Inversely, cell migration was significantly increased after overexpressing SGK2 in T24 cell line (*P* \< 0.05). **(C).** Transwell assays indicated cell invasion was inhibited after knocking down SGK2 in UMUC3 and J82 cell lines (*P* \< 0.01). Inversely, cell invasion was significantly increased after overexpressing SGK2 in T24 cell line (*P* \< 0.05). Data are representative of three independent experiments. \* indicated *P* \< 0.05. \*\* indicated *P* \< 0.01.](jcav09p4774g003){#F3}

![**Molecular function analysis of SGK2. (A).** Molecular function analysis suggested that positive related genes of SGK2 were mainly enriched in receptor activity, ATP binding, DNA repair protein, transmembrane receptor activity and lipid binding. **(B).** Biological process analysis indicated SGK2 positive related genes were enriched in immune response, regulation of immune response, protein folding, signal complex formation and regulation of gene expression epigenetic. **(C).** Biological pathway analysis indicated SGK2 positive related genes were enriched in Mitotic M-M/G1 phases, G1/S Transition, Cell cycle mitotic, HIV infection, Cross-presentation of soluble exogenous antigens.](jcav09p4774g004){#F4}

![**SGK2 regulates c-Myc/β-catenin gene expression. (A).** WB results showed the protein levels of β-catenin and c-Myc were significantly decreased after down-regulating SGK2 expression in UMUC3 and J82 cells. **(B).** WB results showed the protein levels of β-catenin and c-Myc were significantly increased after overexpressing SGK2 in T24 cell. **(C)**. Immunoprecipitation (IP) assay indicated SGK2 could directly interact with β-catenin protein in T24 cell. **(D).** MG132 (10 µM) abrogated shSGK2 induced inhibition of β-catenin protein expression in UMUC3 cell. **(E).** A time-dependent decrease in β-catenin protein expression in T24-vector and T24-oeSGK2 cell lines exposed to CHX (10 µg/mL). However, the decrease speed was marked slower in T24-oeSGK2 than T24-vector group. **(F).** The expression of c-Myc and CTNNB1 gene (encoding β-catenin protein) were significantly associated with tumor stage of bladder cancer (*P* \< 0.05). **(G).** c-Myc expression was significantly associated with overall survival (OS), recurrence-free survival (RFS) in bladder cancer patients (P \< 0.05). Upper and middle indicated protein expression analysis and lower indicated gene expression analysis.](jcav09p4774g005){#F5}
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